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Objective. To determine the test-retest reliability of measurements of thickness, fascicle 
length (Lf) and pennation angle (θ) of the vastus lateralis (VL) and gastrocnemius medialis 
(GM) muscles in older adults. 
Participants. Twenty-one healthy older adults (11 men and 10 women; average age 68.1±5.2 
years) participated in this study. 
Methods. Ultrasound images (probe frequency 10MHz) of the VL at two sites (VL site 1 and 
2) were obtained with participants seated with knee at 90º flexion. For GM measures, 
participants lay prone with ankle fixed at 15º dorsiflexion. Measures were taken on two 
separate occasions, 7 days apart (T1 and T2). 
Results. The ICCs (95% CI) were: VL site 1 thickness =0.96(0.90-0.98); VL site 2 thickness 
=0.96(0.90-0.98), VL θ =0.87(0.68-0.95), VL Lf =0.80(0.50-0.92), GM thickness =0.97(0.92-
0.99), GM θ =0.85(0.62-0.94) and GM Lf =0.90(0.75-0.96). The 95% ratio limits of 
agreement (LOAs) for all measures, calculated by multiplying the standard deviation of the 
ratio of the results between T1 and T2 by 1.96, ranged from 10.59 to 38.01%. 
Conclusion. The ability of these tests to determine a real change in VL and GM muscle 
architecture is good on a group level but problematic on an individual level as the relatively 
large 95% ratio LOAs in the current study may encompass the changes in architecture 
observed in other training studies. Therefore, the current findings suggest that B-mode 
ultrasonography can be used with confidence by researchers when investigating changes in 
muscle architecture in groups of older adults, but its use is limited in showing changes in 
individuals over time. 
Reliability of Ultrasonography     3 
Introduction 
 Skeletal muscle architecture plays an important role in the function of muscles in 
humans (Blazevich & Sharp, 2005; Narici, 1999). Specifically, muscle fascicle length plays a 
role in force generation during high-speed contractions, while fascicle pennation angle and 
muscle thickness are important factors for overall force generation (Blazevich & Sharp, 
2005). Ultrasonography has become a popular method for characterising muscle architecture 
due to its safety and non-invasive nature (Narici, 1999). Previous research has demonstrated 
the reliability of muscle architecture measurements by B-mode ultrasound imaging in adults 
(Blazevich, Cannavan, Coleman, & Horne, 2007; Maganaris, Baltzopoulos, & Sargeant, 
1998; Narici et al., 1996) and young children (Legerlotz, Smith, & Hing, 2010), but there is a 
lack of data in this area in older adults. However, cross-sectional studies have demonstrated 
that muscle architecture, or specifically, muscle thickness, fascicle length (Lf) and fascicle 
pennation angle (θ) are reduced in older adults compared to their young counterparts (Morse, 
Thom, Birch, & Narici, 2005; Narici, Maganaris, Reeves, & Capodaglio, 2003; Thom, 
Morse, Birch, & Narici, 2007). These differences mean that the reliability measures 
established for young adults and children may not be applicable to older adults. Additionally, 
since the aforementioned age associated changes result in a decline in functional capacity, 
health and quality of life, a number of exercise studies have been undertaken to investigate 
the effects of various resistance training modalities on muscle architecture in older adults and 
to assess whether the age associated changes can be ameliorated or reversed (Morse, Thom, 
Mian, Birch, & Narici, 2007; Reeves, Maganaris, Longo, & Narici, 2009; Reeves, Narici, & 
Maganaris, 2004a, 2004b, 2006; Suetta et al., 2008). Therefore, information on the reliability 
of ultrasound measures of muscle architecture in older adults is needed to provide researchers 
with an indication of the size of differences required to observe significant differences 
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between or within groups, and help in the planning of future research studies (Legerlotz, et 
al., 2010).  
The aim of the current study was to determine the reliability of measurements of 
muscle thickness, fascicle length and pennation angle of the vastus lateralis (VL) and 
gastrocnemius medialis (GM) muscles in older adults using B-mode ultrasound imaging. 
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Methods 
Participants 
The study was approved by the University Human Research Ethics Committee and 
was conducted according to the Declaration of Helsinki (Puri, Suresh, Gogtay, & Thatte, 
2009). Participants were recruited from local retirement villages via flyers. Twenty-one 
healthy community-dwelling older adults (11 men and 10 women) participated in this study. 
Participants were excluded from the study if they were identified during a preliminary health 
screening as having any relevant orthopaedic problem or if they were undertaking resistance 
training that included leg exercises. Written informed consent was obtained from all 
participants before entry into the study. Participants were instructed to maintain their regular 
level of physical activity throughout the experimental period. 
 
Study Design 
A single investigator acquired the images from all participants on two separate test 
sessions (T1 and T2), which were separated by 7 to 14 days. Test sessions were held at the 
same time of day for each participant. A second investigator, who was blinded to the identity 
of the participants, was then employed to analyse the images.  
 
Muscle Architecture 
Real-time B-mode ultrasonography (LOGIQ I, GE Healthcare, Wauwatosa, 
Wisconsin, USA) was used to measure fascicle pennation angle, fascicle length and muscle 
thickness of the vastus lateralis and gastrocnemius medialis muscles. The leg to be tested was 
chosen at random, and the same leg was tested at both test sessions. The 42 mm long, 10 
MHz linear-array ultrasound transducer was coated with sufficient water-based transmission 
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gel to ensure that clear images of the muscles were obtained without the need to compress the 
muscles during examination. 
A site 62.5% proximal between the anterior superior iliac spine and the superior 
aspect of the patella on the mid-sagittal plane of the thigh was marked (VL site 1) on the skin. 
Another site at the same position along the thigh as VL site 1 on the mid-coronal plane on the 
lateral side of the thigh was also marked (VL site 2). Participants then sat with the knee angle 
fixed at 90º (see Figure 1). These sites were chosen for examination as pilot testing revealed 
minimal fascicle curvature at these sites when participants sat in this position. The ultrasound 
transducer was placed over the muscle at VL site 2 and when clear images of the muscle 
fascicles, and the superficial and deep aponeuroses were obtained, three images were 
recorded. These images, recorded to a depth of 6 cm from the transducer surface, were used 
to measure VL fascicle length and pennation angle. To measure vastus lateralis muscle 
thickness clear images of the superficial and deep aponuroses and the femur were obtained 
and another three images were each recorded to a depth of 9 cm at both VL site 1 and VL site 
2 (Blazevich, Gill, Deans, & Zhou, 2007). The greater recording depth was chosen for muscle 
thickness measurements as pilot testing revealed that this depth was required to visualise the 
femur. 
 To assess gastrocnemius medialis muscle architecture and thickness, participants were 
asked to lie prone on the bench with their feet hanging off the edge (Narici, et al., 2003). A 
modified night splint was placed on the foot and lower leg to fix the ankle joint angle at 15º 
dorsiflexion. The ultrasound transducer was placed on a site on the muscle 30% proximal 
between the lateral malleolus of the fibula and the lateral condyle of the tibia (see Figure 2). 
This site was chosen for examination as pilot testing revealed minimal fascicle curvature at 
this site when participants were lying in this position. Once clear images of the muscle 
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fascicles, and the superficial and deep aponeuroses were obtained, three images were 
recorded to a depth of 6 cm from the surface of the transducer. 
 After the first test session, a clear plastic sheet was placed over the participants’ 
anterior thigh and posterior lower leg and the examination sites and any permanent blemishes 
on the skin, as well as the examination sites, were marked on the sheet (Blazevich, Gill, et al., 
2007). Before the second test session, holes were made on the clear plastic sheets at the 
marked examination sites. The sheets were then placed over the skin and aligned with the 
marked blemishes before the examination sites were marked with a pen on the skin. All 
images were recorded digitally and analysed using computer software (ImageJ, U. S. 
National Institutes of Health, Bethseda, Maryland, USA).  
Vastus lateralis muscle thickness was defined as the distance between the superficial 
aponeurosis and the femur, and gastrocnemius medialis muscle thickness was defined as the 
distance between the superficial and deep aponeuroses. Pennation angle was measured as the 
angle between the muscle fascicles and the deep aponeurosis, and fascicle length was 
measured as the length of a fascicle between its insertions at the superficial and deep 
aponeurosis. Where the fascicles extended beyond the recorded image, fascicle length was 
estimated from muscle thickness and fascicle pennation angle using the following equation 
(Abe, Kumagai, & Brechue, 2000): 
Fascicle length = muscle thickness · sinθ-1 
where θ is muscle fascicle pennation angle determined by ultrasonography. 
  
Statistical Analyses 
To assess reliability, intraclass correlation coefficients (ICC) were calculated for each 
measure of muscle thickness, pennation angle and fascicle length. Since the average results 
from three images were used for analysis, the two-way mixed model of average-measure 
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reliabilities (ICC3,1) was used. If there was evidence of non-normality in the data, as assessed 
by the Kolmogorov-Smirnov test, the data were natural log-transformed before calculation of 
ICCs (Atkinson & Nevill, 1998). 
 In addition, Bland-Altman plots (Bland & Altman, 1986) of the difference in results 
between T1 and T2 against the mean of T1 and T2 for each participant were generated to 
calculate the 95% limits of agreement (LOA). The presence of heteroscedasticity in the data 
sets was objectively assessed by plotting the absolute differences against the mean of T1 and 
T2, and calculating the correlation coefficient (Atkinson & Nevill, 1998). The presence of 
heteroscedasticity can lead to the 95% limits of agreement to be underestimated at the higher 
end of measured values, and overestimated at the lower end of measured values (Atkinson & 
Nevill, 1998).  If heteroscedasticity was not present, the LOA were calculated as described 
elsewhere (Atkinson & Nevill, 1998). If heteroscedasticity was found to be present, the ratio 
of the two results from T1 and T2 for each participant was calculated and plotted against the 
mean of T1 and T2. The 95% ratio LOA were then calculated as described by Bland and 
Altman (1999) and Eksborg (1981). Paired t-tests with equal variances assumed were used to 
assess systematic bias in the results from T1 and T2. 
Results were considered significant at P < 0.05, and statistical analyses were 
performed using SPSS 17.0 (SPSS, Chicago, IL). 
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Results 
Participants’ demographics are detailed in Table 1. Table 2 details the descriptive 
statistics of the ultrasound measures. Paired t-tests revealed no systematic bias in any of the 
measures. The 95% LOA are illustrated graphically in the Bland-Altman plots (see Figure 3). 
Table 3 presents the ICCs between T1 and T2. The upper and lower 95% confidence 
limits for the ICCs and the 95% ratio LOAs are also included in Table 3. In general, the ICCs 
for the thickness measures were higher than the ICCs for Lf and θ for both the VL and GM 
muscles. The 95% confidence intervals for the ICCs tended to be narrower for the thickness 
measures than for Lf and θ measures. The ICCs for all measures were good, ranging from 
0.80 to 0.97.  
The 95% ratio LOAs for VL site 1 thickness, VL site 2 thickness, VL θ, VL Lf, GM 
thickness, GM θ and GM Lf were 0.99 ×/÷ 1.17, 0.98 ×/÷ 1.11, 1.04 ×/÷ 1.34, 1.05 ×/÷ 1.38, 
1.01 ×/÷ 1.13, 1.03 ×/÷ 1.24 and 1.00 ×/÷ 1.22 respectively. 
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Discussion 
The muscle architectural measurements obtained in the current study agree well with 
measurements of the VL and GM muscles obtained in previous studies in older adults using 
B-mode ultrasonography (Morse, et al., 2005; Narici, et al., 2003; Reeves, et al., 2009; 
Suetta, et al., 2008; Thom, et al., 2007). The ultrasound measurements of GM muscle 
architecture in this study also agree closely with direct measurements of GM muscle 
architecture in a cadaver of a 62 year old male (Narici, et al., 1996). It should be noted, 
however that the reliability data presented here are specific to the data collection protocol 
followed in the current study.  
The results of the study demonstrated good to very good relative reliability, ranging 
from 0.96 to 0.97 for thickness measurements, 0.85 to 0.87 for θ measurements and 0.80 to 
0.90 for Lf measurements. However, the 95% confidence intervals of the ICCs for the Lf and 
θ measurements tended to be wider than those for the thickness measurements. This indicates 
that a larger sample size may be needed to attain greater precision of estimates of ICCs for Lf 
and θ measurements (Atkinson & Nevill, 2001). The measurements were comparable to the 
ICCs of 0.88 to 0.97, 0.90 to 0.99 and 0.76 to 0.86 for VL muscle thickness, θ and Lf 
respectively obtained by Blazevich et al. (2007) in young adults. The results also agree 
closely with those obtained by Legerlotz and colleagues (2010) from the GM muscles of 
young children aged four to 10 years old. This suggests that, despite the varying ages of the 
participants and differing knee and ankle joint positions during measurements in these 
studies, B-mode ultrasonography and the analysis of the images from this method is a reliable 
method of characterising muscle architecture on a group level. 
However, as observed by Legerlotz et al. (2010), muscle architecture measurements 
have a high degree of inter-individual variability, which can result in higher ICCs than 
expected. Therefore, to gain a better understanding of the reliability of using B-mode 
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ultrasonography to measure muscle architecture, we have produced Bland-Altman plots 
(Bland & Altman, 1986) and calculated 95% ratio LOAs for each measure. In this way, we 
were able to characterise the absolute reliabilities of these measures and illustrate systematic 
bias, if present, between T1 and T2. For example, the 95% ratio LOA for GM thickness was 
1.13 or 12.56%. This means that for a new individual from this older adult population, there 
is a 95% probability any two tests would differ due to measurement error by no more than 
12.56% in either the positive or negative direction. This result is comparable to the 95% ratio 
LOA of 1.13 or 13% observed by Legerlotz et al. (2010) for thickness measures of the GM 
muscle in young children. Unfortunately, Legerlotz et al. (2010) did not report 95% LOAs for 
θ and Lf. To the knowledge of the authors, no other studies have reported 95% LOAs or ratio 
LOAs for muscle architecture measurements, illustrating the need for more research in this 
area. 
An interesting observation of the results of the current study is that the Lf 
measurements of the GM muscle are more reliable (both absolute and relative reliability) than 
Lf measurements of the VL muscle. This could be because of the shorter fascicle lengths in 
the GM muscle, meaning that less extrapolation outside the field of view of the ultrasound 
transducer is necessary to quantify fascicle lengths. 
Although the very limited evidence available seems to suggest that the reliability of 
the methods of characterising VL and GM muscle architecture in the current study is 
comparable to other studies, the absolute reliabilities of VL and GM θ and Lf may be wider 
than desirable. This is because typical average changes observed in previous studies 
involving 14 weeks of resistance training with elderly adults are up to 35% for VL θ and up 
to 20% for VL Lf (Reeves, et al., 2009; Reeves, et al., 2004a), while 95% ratio LOAs for VL 
θ and VL Lf observed in the current study are 33.74% and 38.01% respectively. These results 
therefore indicate that these measures may not be sensitive enough to detect real θ and Lf 
Reliability of Ultrasonography     12 
changes in individuals. One reason for this could be the method of using clear plastic sheets 
to trace the examination sites as well as permanent blemishes on the skin surface at T1 to use 
as reference points in order to examine the same sites on the muscles at T2. Some participants 
had very few or no blemishes on their skin, making it very difficult to find reference points. 
This reduced the precision with which measurement sites could be relocated and therefore 
reduced the accuracy of this method in some cases. Also, Klimstra and colleagues (2007) 
have previously demonstrated that changes in the orientation of the ultrasound transducer can 
have an effect on muscle architectural measurements. Since the orientation of the transducer 
was not standardised between T1 and T2 in the current study, this may have been another 
factor that contributed to the ratio LOAs being wider than desirable. 
 
Conclusion 
 In summary, the method of using B-mode ultrasonography described in the current 
study to characterise VL and GM muscle architecture in older adults has high relative 
reliability. However, the 95% LOAs and ratio LOAs are wider than desirable. Therefore, the 
ability of these tests to determine a real change in VL and GM muscle architecture is good on 
a group level but problematic on an individual level as the relatively large LOAs and ratio 
LOAs observed in the current study may encompass the changes in architecture observed in 
other training studies. Hence, the current findings suggest that B-mode ultrasonography can 
be used with confidence by researchers when investigating changes in muscle architecture in 
groups of older adults, but it may not be sensitive enough to detect small changes in muscle 
architecture in individuals. 
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Table 1  
Participant demographics 
Participants 
 
n  
Age 
(years) Height (cm) Mass (kg) 
Males 11 67.1 ± 4.8 168.5 ± 10.0 78.5 ± 11.0 
Females 10 69.3 ± 5.6 160.7 ± 5.5* 68.3 ± 6.3* 
Overall 21 68.1 ± 5.2 164.8 ± 8.9 73.7 ± 10.3 
Data presented as mean ± SD; n = number of participants; Asterisk indicates a significant 
difference between males and females (P < 0.05). 
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Table 2  
Descriptive statistics for muscle architecture measures 
Test Name Test 1  Test 2 % Diff P-value 
VL site 1 thickness 3.80 ± 0.74 cm 3.76 ± 0.80 cm -1.1 0.42 
VL site 2 thickness 4.50 ± 0.57 cm 4.42 ± 0.63 cm -1.8 0.13 
VL θ 11.2 ± 3.0º 11.4 ± 2.5º 1.8 0.51 
VL Lf 11.1 ± 2.9 cm 11.4 ± 2.6 cm 2.7 0.41 
GM thickness 1.79 ± 0.28 cm 1.80 ± 0.31 cm 0.7 0.57 
GM θ 17.8 ± 2.9º  18.2 ± 2.7º   2.2 0.38 
GM Lf 5.99 ± 1.15 cm 5.96 ± 1.15 cm -0.5 0.84 
Data presented as mean ± SD; % Diff = percent mean difference; VL = vastus lateralis 
muscle; GM = gastrocnemius medialis muscle; θ = muscle fascicle pennation angle; Lf = 
muscle fascicle length. P-values refer to paired t-test between Test 1 and Test 2. 
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Table 3  
Reliability statistics for muscle architecture measures 
Test ICC Lower 
confidence  
limit  
Upper 
confidence  
limit 
95% ratio LOA 
(%) 
VL site 1 thickness 0.96 0.90 0.98 17.25 
VL site 2 thickness 0.96 0.90 0.98 10.59 
VL θ 0.87 0.68 0.95 33.74 
VL Lf 0.80 0.50 0.92 38.01 
GM thickness 0.97 0.92 0.99 12.56 
GM θ 0.85 0.62 0.94 24.18 
GM Lf 0.90 0.75 0.96 22.25 
VL = vastus lateralis muscle; GM = gastrocnemius medialis muscle; θ = muscle fascicle 
pennation angle; Lf = muscle fascicle length; 95% ratio LOA = 95% ratio limits of 
agreement, calculated by multiplying the standard deviation of the ratio of the results between 
Test 1 and Test 2 by 1.96. 
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Figure Caption 
 
Figure 1. Photograph of the vastus lateralis (VL) examination set-up. 
 
Figure 2. Photograph of the medial gastrocnemius (GM) examination set-up. 
 
Figure 3. Bland-Altman plots of muscle architecture measurements. Long dashes represent 
upper and lower 95% limits of agreement. Short dashes represent the systematic bias. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
  
  
  
 
 
